The mechanical properties of 613 small clear specimens of 35 species (11 ring-porous hardwoods, 19 diffuse-porous hardwoods, and 5 softwoods) were evaluated. The aim of the study was to examine indexes of wood quality that are easy to measure and that exhibit a high correlation with bending performance and hardness that are essential properties of hardwood products. The modulus of rigidity, dynamic modulus of elasticity, bending properties (modulus of elasticity, modulus of rupture, stress at the proportional limit, absorbed energy, Tetmajer's modulus), dynamic energy absorption by an impact bending test, compressive strength parallel to the grain, shear strength, partial bearing strength, and Brinell's hardness were measured. A high correlation was found between dynamic modulus of elasticity and static modulus of elasticity. Bending stress at the proportional limit was found to be approximately equivalent to the compressive strength parallel to the grain. Static energy absorption correlated with dynamic energy absorption. Tetmajer's modulus was found to be closely related to the ratio of the initial stiffness within the elastic range to the secant modulus at the maximum load. A high correlation was observed between Brinell's hardness and partial bearing strength. The difference in the regression coefficients obtained for these correlations between the species groups was small.
Introduction
A large number of studies concerning the strength properties of softwood have been conducted because the structural members in timber constructions are composed of softwood. 1 The mechanical properties of some hardwood species that are used as fi nishing materials and in the manufacture of furniture and sports equipment also need to be clarifi ed. The aim of this study was to propose quality indexes to evaluate the bending performance and hardness that are essential properties of various hardwood products. We focused on the properties of bending stiffness, bending strength, energy absorption capacity, toughness, and hardness. In order to propose quality indexes, we measured various mechanical properties and discuss the relationships between these properties. We also discuss the effects of the differences between the ring-porous hardwood, diffuseporous hardwood, and softwood species groups on the relationships between the quality indexes.
Materials and methods
Thirty hardwood (11 ring-porous and 19 diffuse-porous) and 5 softwood species were tested ( Table 1) . Some of these wood samples were obtained from the undamaged section of trees wind-fallen by typhoon 0418 on the Hokkaido University Campus. The shrinkage, density profi le (determined by soft X-ray densitometry), and mechanical properties of these materials have been reported. 2 Softwood specimens were tested for comparison with the hardwood samples. Cryptomeria japonica was selected as a low-density wood, and Pseudotsuga menziesii as a high-density wood.
Small clear specimens with a cross section of 20 × 20 mm and a length of 350 mm or 550 mm were cut from the airdried lumber and used for the tests. When hardwoods are used for fi nishing materials or for the manufacture of furniture or sports equipment, defect-free members are usually used because the hardwood members used for these purposes are not as large as those used for timber construc-tions. Therefore, the properties of small clear specimens are considered to be refl ective of the properties of the actual products. Cambial age (CA) was measured at the center of the cross section of each hardwood specimen. The average, standard deviation, maximum value, and minimum value of CA were 24.5, 20.8, 111, and 3 years, respectively. Watanabe et al. 3 reported that the difference in wood quality between mature wood and juvenile wood for hardwood species was not as great as that observed for softwood species. In this study, all the results for the hardwood specimens were included.
By following JIS-Z2101, 285 specimens with a length of 550 mm were tested for impact bending (span of bending: 220 mm). The absorbed energy in impact bending (U d ) was calculated by the loss of the potential energy of the pendulum of the tester (98.0 J), which was used to fracture the specimens, following impact.
The dynamic modulus of elasticity (E d ) and the modulus of rigidity (G) of all specimens, including the sections undamaged by the impact bending tests, were determined by the longitudinal vibration method and a torsional test, 4 respectively. Static bending tests were then performed following JIS-Z2101; the static modulus of elasticity (E b ), stress at the proportional limit (s bp ), modulus of rupture (MOR), absorbed energy up to the maximum load in static bending (U b ), and Tetmajer's modulus (TM) 5, 6 were evaluated. s bp is defi ned as the stress that develops when the initial stiffness declines by 2%. TM is the ratio of the integration value of the load-defl ection curves obtained by the bending tests up to the maximum load (area of OCD in Fig. 1 ) to the product of the maximum load and the defl ection at the maximum load (area of OACD).
After the bending tests, four test specimens were cut from the undamaged sections; the compressive strength parallel to the grain (CS), shear strength concerning the longitudinal-radial plane (SS), partial bearing strength (PBS), and Brinell's hardness (H) of these specimens were determined according to JIS-Z2101. PBS was defi ned as the stress that develops when the specimen is compressed under a bearing plate to 19 mm (95% of the height of the specimen). The average moisture content of the test specimens was 12.3%.
Results and discussion
Average ring width, specifi c gravity, and dynamic modulus of elasticity Average ring width (ARW), wood density (WD), and dynamic modulus of elasticity (E d ) are the simplest indexes of the mechanical properties of wood. The correlations between these indexes and the mechanical properties were examined (Table 2) . With regard to the ring-porous hardwoods, specimens with a broader ARW showed higher values of stiffness (E and G) and strength (s bp , MOR, CS, SS, and PBS) than those with a narrower ARW. This is because ring width is positively correlated with wood density for ring-porous hardwoods. 7 On the other hand, the relationship between ARW and mechanical properties for diffuse-porous hardwoods was not clear. The correlations between WD and E b and between WD and MOR for hardwoods were lower than the corresponding values for softwoods (Table 2, Fig. 2 ). This is because specifi c E b (the ratio of E b to specifi c gravity) for hardwoods, particularly for diffuse-porous hardwoods, varied considerably according to the species. The specifi c E b varied Table 2 . Coeffi cients of correlation between simple quality indexes and mechanical properties that were signifi cant at 1% level The variability for hardwood species may be attributed to the difference in composition ratio of various types of cells such as rays. It is diffi cult to estimate mechanical properties precisely from wood density for hardwood species.
The correlation between E d and MOR was high, as is generally observed. The highest correlation between these indexes was found in softwood species, followed by ringporous hardwood and diffuse-porous hardwood (Table 2) .
Bending stiffness
Stiffness is one of the most important bending performance properties. Modulus of elasticity, which is a measure of stiffness, can be determined by both the bending test (E b ) and the longitudinal vibration test (E d ). The longitudinal vibration test seems to be simpler and more convenient than the bending test. A high correlation was observed between E b and E d in all three species groups (Fig. 3 , Table 3 ). E b can be estimated from the results of the impact bending test regardless of the species group.
E d values were 27% higher than those of E b ; part of this difference was attributed to the shear defl ection in the center-load bending tests. The approximate values of modulus of elasticity without the effect of shear defl ection (E′) were estimated from Eq.1.
where
; l, span of bending; h, height of the specimen.
E d values were 20% higher than those of E′ (Fig. 3) . The difference between E′ and E d could be attributed to the viscoelastic behavior of wood. Open circles, ring-porous hardwoods; fi lled circles, diffuse-porous hardwoods; crosses, softwoods Bending strength
With regard to strength design, s bp and MOR are important because allowable bending strength should be based on the elastic limit, because the compression failure will occur on the compression side of a beam above the elastic limit. The correlation between CS and s bp was suffi ciently high for all the specimens except for diffuse-porous hardwood, and s bp values were found to be equivalent to CS (Fig. 4 , Table 3 ).
Energy absorption capacity
Impact bending strength, which is related to dynamic energy absorption capacity (U d ), is essential in sports equipment such as baseball bats. 8 The possibility of estimating U d from U b determined by the static bending test was examined.
Although the variation in the absorbed energy for individual specimens was large particularly for diffuse-porous hardwood, a high correlation was observed between the U d and U b values averaged for species (Fig. 5, Table 3 ). The static bending test can be used instead of the impact bending test to estimate U d . U d was approximately two times larger than U b . In addition to the difference between dynamic and static behavior and the difference in the span of bending, this result could be attributed to the fact that U b was determined as the integrated value of the load-defl ection curve up to the maximum load. Actually, the absorbed energy includes the energy absorbed after the maximum load.
Toughness
Kollmann and Côté 5 reported that TM for standard-grade lumber was 0.7. TM values for the boxed-heart lumber of Cryptomeria japonica and for the small clear specimens of Cunninghamia lanceolata were reported as 0.52 and 0.64-0.66, respectively. 6, 9 The average TM values obtained for ring-porous hardwood and diffuse-porous hardwood were 0.71 and 0.72, respectively. Based on the assumption that bending follows an elastic-plastic behavior, TM can be replaced with the ratio of the area of OBCD to the area of OACD (Fig. 1 ) and is compatible with the ratio of the initial stiffness (m 1 = P max /d 1 ) to the secant modulus at maximum load (m 2 = P max /d 2 ) as shown in Eq. 2.
The regression equation between TM and the stiffness ratio (m 2 /m 1 ) almost agreed with Eq. 2 in all three species groups (Fig. 6, Table 3 ). Consequently, both TM and the stiffness ratio could be used as toughness indexes. Open circles, ring-porous hardwoods; fi lled circles, diffuse-porous hardwoods; crosses, softwoods Hardness and bearing performance Scratches on tabletops, dents in fl oorboards, and the rebound characteristics of baseball bats refl ect the hardness of wood. Bearing performance (compression perpendicular to the grain) is an essential property of furniture joints such as mortise-and-tenon joints. H and PBS are expected to be closely related because the methods specifi ed in JIS-Z2101 for testing these two properties are similar. A high correlation was observed between H and PBS for hardwood species (Fig. 7) . Although the H value was an average of three measurements per specimen, the coefficients of variation for H were considerably larger than those for PBS for ring-porous hardwoods (Table 4) . This is because H might be affected by the density variation within an annual ring. The diameter of a steel ball embedded in the specimens at the embedded depth of 0.32 mm was approximately 2.4 mm and was smaller than the ring width in most cases.
Conclusions
Quality indexes of the bending characteristics and hardness of hardwoods were discussed. The obtained results are summarized as follows: (1) high correlations were observed between E d and E b , s bp and CS, U d and U b , TM and ratio of the initial stiffness to the secant modulus at maximum load, and between H and PBS. (2) Each index of these relationships can be estimated from the other indexes in all three species groups (ring-porous hardwood, diffuse-porous hardwood, and softwood) because the difference in the regression coeffi cients obtained for these correlations between the species groups was small. 
